ABSTRACT In this paper, we investigate simultaneous wireless information and power transfer (SWIPT) amplify-and-forward relay systems, in which multiple relay nodes support communication between a source node and a destination node. Relay node transceivers are equipped with radio frequency energy harvesters for a power source to retransmit the signals from the source to the destination node. Both the power splitting (PS) ratio and adaptive power control are jointly optimized for SWIPT multiple-relay systems. We prove that the optimal power allocation strategy in our joint solution is to fully use the harvested power, which is contrary to conventional non-SWIPT multiple-relay systems. Based on this result, we propose an optimal centralized PS scheme and suboptimal distributed PS methods. Simulation results demonstrate that the proposed schemes outperform the naive PS schemes in terms of the average rate and the bit-error rate.
switching (TS) and power splitting (PS) have been investigated for both AF and DF systems [7] , [8] , [19] , [20] . In [7] , the ergodic capacity and outage probability were analyzed for the SWIPT relay system. This work has been extended to include TS protocols for continuous time energy harvesting (EH) and discrete time EH [21] . A PS framework using game theory was developed for relay systems in [22] . Under such framework, various metrics such as the outage probability, the ergodic capacity, and the finite signal-to-noise ratio (SNR) diversity-multiplexing tradeoff (DMT) were analytically derived. Multiple-relay systems with cooperative SWIPT were presented in [20] assuming no centralized power control, i.e., the PS is determined at each relay. For the case of relay selection, [23] proposed various relay selection schemes for wireless powered networks with energy storage. Also, a DF regenerative relay system with an embedded EH unit was investigated on WPCN in [24] , and a distributed relay selection scheme based on energy threshold was developed in [24] .
Conventional non-SWIPT multiple-relay systems with network beamforming were investigated in [25] , where the SNR at the destination is maximized by adaptively adjusting the transmit power at each relay node based on CSI and noise power. It was shown in [25] that, depending on channel and noise conditions, retransmitting information signals at relays with partial power can maximize the network throughput. In this paper, on the other hand, we investigate multiple-relay systems with SWIPT PS implementation at relay nodes. In a similar manner in [25] , the power control factor is introduced at each relay node as well as a PS ratio, and its effect is investigated for SWIPT multiple-relay systems. Contrary to the result in [25] , we show that when the PS ratios are jointly optimized, the power control factor cannot improve the total throughput of SWIPT multiple-relay systems, i.e., fully utilizing the harvested power at relays for retransmitting information signals is an optimal relay strategy regardless of channel and noise conditions.
To reflect practical wireless communication environment, both the noise from the RF-to-baseband signal conversion (i.e., the processing noise) and the antenna noise are considered in our system model, which was modeled in [9] for the MIMO broadcast channel. Also, our EH model includes the system circuit power consumed for information detection at the relay. For the best of our knowledge, our system model is the first unified framework considering the PS ratio, the power control factor, and practical wireless communication environment (i.e., the circuit power, and the processing and antenna noises) for SWIPT multiple-relay systems. Under such SWIPT multiple-relay systems, we consider the multiple-relay beamforming design, which jointly optimizes the PS and the power allocation for each node to maximize the rate at the destination. It is first shown that our joint optimization problem becomes convex. Then, by applying the Lagrangian method, we prove that in the joint problem, the power control factors are always optimized as one. We finally establish the joint optimal design of the PS and the power control factors by exploiting the above observation. We further propose relay selection and suboptimal beamforming methods, which can be implemented in a distributed manner with low computational complexity. Simulation results demonstrate that the proposed optimal method outperforms other suboptimal or conventional schemes in terms of the throughput and the reliability.
The rest of the paper is organized as follows: Section II introduces the system model and the problem formulation. The proposed optimal and suboptimal schemes are presented in Section III and IV, respectively. Simulation results are provided in Section V. Finally, concluding remarks are provided in Section VI.
II. SYSTEM MODEL AND PROBLEM FORMULATION
This paper considers the multiple-relay system as shown in Fig. 1 , where S, R k , and D represent the source, the k-th relay, and the destination nodes, respectively. Here, we assume that there is no direct link between S and D, K active nodes among total L relay nodes help the communication between S and D, and h k and g k denote the S-R k channel and R k -D channel, respectively. The wireless information signal is transmitted from the source to the relay nodes. At the k-th relay R k , with relay node architecture shown in Fig. 2 , the PS scheme is implemented to harvest part of the RF signal power received for retransmitting the received information signal at R k to D.
The received information signal at R k from the source is written as
FIGURE 1. A multiple-relay AF SWIPT model with K active nodes among total L relay nodes.
FIGURE 2.
Relay node architecture equipped with a SWIPT PS system.
where P T indicates the transmit power at S and n A,k denotes the antenna noise from S-R k interaction. From the received RF signal at R k , the harvested power Q k for retransmission is given by
where P C,k is defined as the circuit power consumed for information detection, and 0 ≤ β k ≤ 1 and 0 ≤ ρ k ≤ 1 are the EH efficiency and the PS ratio, respectively. If the harvested power at R k is weaker than P C,k , i.e., Q k ≤ 0, R k becomes inactive. Hence, we define the relay nodes satisfying that
as the active relay nodes. Thus, the number of active relay nodes K should be less than or equal to L (K ≤ L). Unless otherwise specified, relay nodes mean active relay nodes for the rest of this paper. The portion of the received information signal for retransmission after PS is also represented as
where n P,k represents the additive noise due to RF band to baseband signal conversion. Placing equation (1) into (3) yields
where the total noise becomes n T ,k = √ (1 − ρ k )n A,k + n P,k . For multiple-relay beamforming, we use the network beamforming design as presented in [25] . Then, the transmit signal from R k to D is expressed by
where α k and θ k indicate respectively the power control factor and the phase alignment factor as defined in [25] for the network beamforming, and P R,k denotes the power used by R k to retransmit the received signal to D (i.e., P R,k = α 2 k Q k ). Here, the total noise variance σ 2 T ,k is given as σ 2
A,k and σ 2 P,k denotes the variances of the antenna and processing noises, respectively.
As a result, the received information signal at D is written by
where the power scaled channelg k is defined as
From [25] , the optimal phase is given by θ k = −(arg h k + arg g k ), i.e., the phases for all relay channels must be aligned at the receiver. The received SNR for multiple-relay beamforming systems is then given by
.
Note that the parameters {α k } and {ρ k } should be optimized in order to maximize the rate performance at D. Therefore, the rate maximization problem becomes
In the following section, we investigate the optimal solution for this problem.
III. MULTIPLE-RELAY JOINT OPTIMAL DESIGN
By maximizing the received SNR γ , the rate maximization problem (9) is also solved. The refined optimization problem is given as
Given a fixed value for ρ k at each relay node, the above problem (10) is reduced to a sub-problem only with respect to α k . In this case, each active relay node has its own transmit power constraint with the harvested energy Q k . Therefore, the optimal solution of this sub-problem in terms of α k can be calculated by the power allocation algorithm for non-SWIPT multiple-relay systems presented in [25] , i.e., the result in [25] can be considered as a special solution of our problem (10) with fixed ρ k . It should be emphasized that in the non-SWIPT AF systems, the optimal power control factor can become less than one (i.e., partial power transmission) since some relay nodes with poor source-relay channel gains compared to their noise power relatively amplify the noise VOLUME 6, 2018 terms at the destination [25] . On the contrary, we show in the following lemma and theorem that for SWIPT multiple-relay systems, full power transmission at relays is optimal. Lemma 1: The joint optimization problem in (10) is convex with respect to {α k } and {ρ k }.
Proof: See Appendix for the proof. Theorem 1: For the joint optimization problem given in (10) , the optimal power control parameters are set to α k = 1 for all active K relays if the optimal PS factors {ρ k } are employed.
Proof: Since our problem (10) is shown to be convex from Lemma 1, it can be solved by using the KarushKuhn-Tucker (KKT) conditions. The associated Lagrangian is given by
Also, the KKT conditions are expressed as follows
1
where is given by
and i , ϒ i , , i and i are defined as
Here, if η i = 0 and ρ i = 1 from (15), this implies no information detection at R i . If φ i = 0 and
from (15), this means no EH at R i because Q i = 0. Therefore, since ρ i = 1 and ρ i = P C,i β i P T |h i | 2 , η i = 0 and φ i = 0 should be satisfied from (15). Equation (12) then becomes
. Also, since α i = 0 means no power transmission at R i , ϕ i = 0 and α i = 0 are obtained in (14) . Placing these results into (13) yields
Now, if λ i = 0, the left side of equation (23) becomes zero, and the solution of ρ i satisfying (1−ρ i ) > 0 and
is then obtained after some mathematical manipulation by
By placing (24) into (22) and simplifying the equation, we have
where the parameters A k , B k , C k , and D k are defined as
respectively. From equation (25) , it can be observed that each summation term consists of α k multiplied by a positive constant term C k (i.e., K k=1 α k C k = 0 for α k ≥ 0 and C k > 0, ∀k). For equation (25) to be satisfied, α k should become zero since C k > 0. This implies that no transmission power is allocated to the relay node, and thus λ i should be
Algorithm 1 Proposed Joint Optimal Scheme
Activate K relays with Q k > 0 and set
a nonzero value. Hence, it is shown that α i becomes one because λ i = 0 in (14) .
Note that, for unoptimized {ρ k }, transmitting with its maximum allowable power at each relay is in general not optimal as shown in [25] so that {α k } must be carefully optimized. Unlike the case where {ρ k } are fixed and not optimized, Theorem 1 demonstrates that for the case of joint optimization over {α k } and {ρ k }, the optimal α k is always given as one for all k. For better understanding, numerical examples are provided in Section V, where the optimal {α k } are strictly less than one when {ρ k } are fixed (not optimized) but they become one under the joint optimization.
Based on Theorem 1, we can show that our joint problem in (10) is simplified to
From Lemma 1, problem (26) becomes strictly convex with respect to {ρ k }. Hence, with the optimal α k = 1 for all k, we use a mult-idimensional gradient descent method to find the optimal PS ratios {ρ k } for maximizing the SNR γ in (10) by the subgradient ∂γ ∂ρ k [26] . The proposed gradient scheme is presented in Algorithm 1. 1 Note that the subgradient is calculated by (12) . The proposed scheme presented in Algorithm 1 can be implemented in a centralized manner. Since the destination node is assumed to know global CSI, the optimal solution can be computed at the destination node and feeds back the resulting PS ratio to each relay.
Although the proposed optimization method provides the globally optimal performance based on Lemma 1 and Theorem 1, the computation complexity, the required global CSI, and the centralized feature may be a burden in practice.
To overcome these issues, we propose suboptimal distributed methods in the following section.
IV. SUBOPTIMAL METHODS
In this section, the optimal PS ratio for a simple relay selection is first derived as a closed-form solution. Then, based on the closed-form and Theorem 1, a distributed suboptimal multiple-relay beamforming method is proposed.
A. RELAY SELECTION METHOD
For the special case with a single active relay (K = 1), the SNR maximization problem in both (10) and (26) is reduced to
In this case, the optimal solution ρ * k can be found via the differentiation of the objective function and equating it to zero to acquire 2
Hence, the optimal PS ratio for a single active relay node ρ * k has a closed-form solution as follows
Let us now consider the relay selection problem for the general K relay case. For the proposed relay selection protocol, the maximum SNR in (27) is first calculated for each relay node by using the optimal ρ * k in (29) and then the relay node having the highest SNR is selected to retransmit its received information signal to the destination node as in [8] and [23] . 
B. SUBOPTIMAL DISTRIBUTED METHOD
Another suboptimal beamforming strategy for multiplerelay systems is for each relay to find its PS ratio ρ * k for k = 1, · · · , K from (29) and use the full harvested power (i.e., α k = 1, ∀k) based on Theorem 1 in a distributed manner. Algorithm 2 describes the proposed suboptimal method. In this distributed scheme, the beamforming phase, the power allocation factor, and the PS parameter can be computed in each relay node without global information.
Algorithm 2 Proposed Suboptimal Scheme
Compute the achievable rate from (9) based on the computed Q k for k = 1, · · · , K . Table 1 summarizes the computational complexity and the required CSI for the proposed joint optimal method, the proposed suboptimal schemes, and the conventional multiplerelay beamforming in [25] . For simplicity, assuming that the maximum value O(J ) for a complex arithmetic evaluation is the same for all schemes (i.e., gradient calculation, SNR evaluation and updating ρ k values in the proposed optimal scheme, and the evaluation of ρ k for both the relay selection and the proposed suboptimal scheme). For the proposed optimal method, the maximum number of iterations in the algorithm is represented as J I . The required calculation performed within each loop is then computed as 5J I O(KJ ), where 5 is the number of steps within a loop. For the proposed suboptimal scheme, each relay only calculates its own ρ k values, and thus its computational complexity becomes O(J ). For the relay selection scheme, its computational complexity is 2O(KJ ). That is, the centralized node needs to calculate each ρ k and SNR. The computational complexity for [25] is O(KJ ) since α k is calculated for each relay node. By comparison, the joint optimal scheme has more computational complexity compared to the other methods. The complexity of the joint optimal algorithm compared to the other schemes increases not only with K but also with J I . From Table 1 , it is observed that the computational complexity of the proposed suboptimal method remains the same with increasing number of K .
The proposed joint optimal method with the best performance has a disadvantage of computation at the centralized node (destination). For any active relay nodes, the destination should broadcast the indices of each relay and their optimized PS ratio ρ k . The number of bits needed for this procedure is calculated by I log K + K H, where I and H indicate the relay node indexes and the bits for transmitting real number ρ k , respectively. In Table 1 , B is the number of bits needed for broadcast a real number and i 0 is the bits required to broadcast the index of a relay node. Since for the proposed suboptimal scheme, each relay node computes its own ρ * k with its local channel information, the feedback channel is not required. The optimal power control in [25] needs to broadcast one real number and the indices of each relay, while with the relay selection method, only the index and ρ * k value of the selected relay is transmitted. With the proposed joint optimal method, all relay index and ρ k values should be transmitted. Although the proposed suboptimal beamforming has lower complexity and does not need feedback information compared to the other methods, it is observed in the following section that the simple suboptimal method achieves similar performance with the joint optimal method in practical environments.
V. SIMULATION RESULTS AND DISCUSSION
In this section, we present simulation results based on the various schemes presented in the previous sections. We assume that L relay nodes are randomly distributed over the square area of 25m 2 , and the source and the destination nodes are located with the distance of 5m on the center line. In simulation, 70% EH efficiency is assumed, i.e., β k = 0.7 for all k. Assuming that σ 2 A,k = 0.6, σ 2 P,k = 0.4, and σ 2 D = 1 for all k, the transmit SNR is calculated as
respectively, where d h,k and d g,k means the distances of the source-relay and the relay-destination, respectively. Here, the pathloss exponents are given by ε h = ε g = 5, and ζ h,k and ζ g,k are assumed to follow the circularly complex Gaussian distribution with zero mean and unit variance.
To demonstrate the contribution of Theorem 1, we first provide numerical examples for a given channel when the transmit SNR is 20dB with 3 active relays (K = 3) in Table 2 . The proposed joint optimal solutions {α k } and {ρ k } of the joint problem (9) are obtained by Algorithm 1. As proved in Theorem 1, α k = 1 for all k in this case. The second case shows the proposed suboptimal scheme with ρ * k from the closed-form in (29) for the fixed PS ratio α k = 1 from Theorem 1. It is interesting to observe that the proposed suboptimal algorithm in a distributed manner shows similar values with the optimal solutions and the maximum rate of the joint optimal scheme with centralized feature. As seen in Table 2 , when ρ k is not optimized and fixed as 0.5 for all k, the optimal {α k } are not always one which can be found using the power control method in [25] . For further comparison, a naive method with fixed α k = 1 and ρ k = 0.5 for all k is finally included, which provides a smaller rate than the previous schemes.
In Fig. 3 , to confirm the optimality of our joint algorithm for multiple-relay SWIPT beamforming systems, the performance of a mult-idimensional exhaustive search method is plotted for three relay nodes. It can be seen that the exhaustive search and the proposed optimal algorithm have identical performance while the exhaustive search is not practical in large number of relays. Also, from Fig. 3 , the performance of multiple-relay beamforming is better than that of the relay selection method because all active relays participate in the cooperative network. The proposed optimal scheme at P T = 40dB and L = 12 offers about 8%, 6%, 18%, and 37% over the proposed suboptimal method, the optimal α k [25] with fixed ρ k = 0.5, the naive scheme with fixed α k = 1 and ρ k = 0.5, and the relay selection, respectively. At P T = 30dB and L = 3, the proposed optimal scheme outperforms the various schemes listed in the previous statement by 0%, 7%, 14%, and 26% gains, respectively.
The effect of the number of relay nodes L are illustrated at the transmit SNRs of 30dB and 40dB in terms of average rate in Fig. 4 . At 40dB transmit SNR, the proposed optimal and suboptimal schemes have the same rate performance for L ≤ 10. It can be observed from Figs. 3 and 4 that the proposed suboptimal scheme has better achievable rate than the naive one with fixed α k with ρ k . Also, the performance gain between various schemes increases with increasing P T and L. It should be noted that to save the system burden with similar performance, the proposed suboptimal method can be used especially for small numbers of relays and low transmit SNR region.
In Fig. 5 , with increasing the processing circuit power of P C,k = P C at all relay nodes, it can be observed that the average rate rapidly decays when P C,k ≥ −10dB since the number of active relays decreases. Fig. 6 shows the average BER for all schemes with increasing transmit SNR. We assume an uncoded system with a quadrature phase shift keying (QPSK). Considering an average BER of 10 −2 and L = 12, the proposed optimal scheme has an improvement in gain of approximately 2dB, 1dB, 6dB and 9dB compared to the suboptimal distributed scheme, the optimal α k with fixed ρ k = 0.5 [25] , the naive method with fixed α k = 1 and ρ = 0.5, and the relay selection method, respectively. When L = 3 and average BER is 10 −2 , the proposed suboptimal scheme has almost identical performance compared to the joint optimal scheme, but, it provides gains of 2dB and 5dB over the naive method with fixed parameters, and the relay selection, respectively. Also, at L = 3 and VOLUME 6, 2018 FIGURE 5. Average rate versus increasing relay node processing power. 10 −2 BER, the conventional optimal power control method [25] and the naive method have similar performance. The proposed optimal method has the best performance and the distributed suboptimal method shows comparable results with implementable features compared to naive or conventional multiple-relay methods in terms of average rate and error performance.
VI. CONCLUSION
This paper investigated the design of SWIPT transceiver protocols for multiple-relay AF systems. For multiple-relay beamforming, we have shown that the power control factor can be neglected in power-splitting based relays with a SWIPT system. This is due to the fact that the optimized PS ratio covers the effect of the power control factor. The proposed optimal PS was found by using a mult-idimensional gradient search algorithm based on the proofs of joint convexity and the full power transmission strategy. Also, the optimal PS for the relay selection method and the distributed suboptimal method were proposed via a closed-form solution. The simulation results show that the proposed optimal method outperforms all other suboptimal methods in terms of average rate and BER, and the proposed suboptimal method is efficient for implementing in practical distributed relay systems.
For the considered model, we assumed that perfect CSI is available, which is quite challenging to attain in practical communication systems due to feedback delay and system overhead. Also, for maximizing the received power in SWIPT systems, a line of sight channel may be appropriate rather than Rayleigh fading. Therefore, robust beamforming design with channel estimation error for various channel models seems to be a promising future research topic [28] , [29] .
APPENDIX PROOF OF CONVEXITY
To show that problem (10) is a convex problem, the second order characterization of convex function is used [26] , [27] . The second order characterization of convex function states that if a function is twice differentiable over an open domain, then ∇ 2 γ ( ) ≥ 0 for convexity and ∇ 2 γ ( ) > 0 for strict convexity, where
The first derivative of the objective function can be represented as
where
, and i are represented by equations (17) , (18) , (19) , (20) and (21) , respectively, for i = 1, . . . , K . The Hessian of the objective function ∇ 2 γ ( ) is given as
and
for a combination of i = 1, . . . , K and j = 1, . . . , K .ˆ i ,ˆ i , andΥ i are defined aŝ 
and 
respectively. To show whether the components of the Hessian for problem (10) are either positive or negative, analyzing the components of equations (32) to (39) 
